Abstract-This paper reports a high-speed capacitive humidity sensor integrated on a polysilicon heater. A response time of 1.0 s and a sensitivity of 30.0 fF/%RH have been obtained. High speed is achieved using multiple polyimide columns having diameters of a few microns and allowing moisture to diffuse into them circumferentially. Using structures that eliminate the air-gap capacitance between the columns, the simulated sensor output drifts by only 1% when the relative dielectric constant in the air region changes from 1 to 10. A polysilicon heater is used to measure relative humidity levels 80%RH. An accuracy of 3%RH has been obtained using this method, with measurement errors of 0 5 C and 2%RH in temperature and relative humidity, respectively. The heater also reduces the recovery time after wetting, enables the sensor to recover from contamination and aging, and allows the sensing film to be reset on demand during self-test protocols.
A High-Speed Capacitive Humidity Sensor with On-Chip Thermal Reset
I. INTRODUCTION
T HIN-FILM humidity sensors are widely used in many measurement and control applications, including those in automated process control, meteorology, domestic appliances, agriculture, and medical equipment [1] , [2] . They can be categorized into capacitive [3] , resistive [4] , mechanical [5] , [6] and oscillating types [7] , [8] based on the sensing principle used. Among these, capacitive devices are often preferred since they offer very low power consumption and a linear output response. They detect moisture-induced changes in the dielectric constant of a hygroscopic layer to measure the ambient relative humidity level. Important parameters for humidity sensors include the response time, sensitivity, long-term stability, hysteresis, linearity, accuracy, selectivity, and power consumption.
Various materials such as porous ceramics [9] , hygroscopic polymers [10] , and electrolytes [11] are used as humidity-sensitive materials. Ceramics have the advantage of high mechanical strength and resistance to high temperature. Ceramics used for humidity sensing include MgCr O [12] , TiO [13] and Al O [14] . Polymers, on the other hand, are easier to apply and are more compatible with standard IC fabrication technology. Typical hygroscopic polymers include cellulose acetate [15] , polymethyl methacrylate [16] , and polyimide [17] . Humidity senManuscript received October 20, 1999 . This work was supported by the Defense Advanced Research Projects Agency under Contract DABT63-95-C-0111. The review of this paper was arranged by Editor K. Najafi.
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sors using porous silicon as the moisture sensing layer have also been reported [18] , [19] . Polyimide has been extensively investigated for use as a moisture sensing material for several reasons [20] - [24] . It has high sensitivity to humidity, shows high thermal stability to C, has high resistance to most chemicals and, as a coating material developed for the semiconductor industry, is fully compatible with silicon processing technology [25] .
In spite of a great deal of on-going research, however, thin-film humidity sensors continue to suffer from slow response ( s), low accuracy ( %RH) and substantial long-term drift. Slow speed is of particular concern in applications involving transient humidity changes or measurements that must be taken on the fly, including many in industrial process controls and in the monitoring of atmospheric relative humidity using radiosonds, dropsonds or unmanned aerial vehicles [26] .
This paper reports a capacitive humidity sensor integrated on a polysilicon heater in which the response time is significantly faster than in previously reported devices. High speed is achieved by introducing small polyimide columns with a diameter of a few microns and allowing moisture to diffuse into them circumferentially. The heater is used to prevent condensation, after which a long recovery time is required, and during which the sensor remains inoperative. The heater can, in principle, also be used for self-test in the field, for reducing the recovery time after wetting, and for enabling recovery of the sensing film from contamination, aging and hysteresis.
II. PRINCIPLE OF HIGH-SPEED HUMIDITY SENSING
The response time (speed) of a humidity sensor can be improved by either selecting a hygroscopic material with a large moisture diffusion constant or by changing the shape and dimensions of the moisture sensing film. Once the material is chosen, however, the speed can only be enhanced by modifying the geometry of the film. In many cases, the materials of choice are restricted by the application and most of them have small diffusion constants ( -cm /s). In this work, high speed has been achieved by introducing a cylindrical structure. The conventional parallel-plate structure, shown in Fig. 1(a) , consists of a hygroscopic film and two electrodes. The top one is made porous in order to allow moisture to have access to the sensing layer. The diffusion process occurs at a relatively slow rate here since moisture diffuses into the film from one side only. Furthermore, the sensing film is partially covered by the porous upper electrode, hindering absorption of moisture. In contrast, as shown in Fig. 1(b) , the high-speed 0018-9383/00$10.00 © 2000 IEEE structure used here has a columnar shape into which moisture is absorbed circumferentially. The sensing film is thus more exposed to the environment [27] .
In order to compare the response times of the conventional and the high-speed structures, equations governing the transient capacitance for each structure have been derived. In this analysis, it has been assumed that no moisture is present inside the film in its initial state and that the diffusion constant is independent of moisture concentration. The diffusion kinetics are assumed to obey Fick's law [28] , [29] .
A. Capacitance for Diffusion into a Film
The transient capacitance has been derived for single-sided diffusion into a film. In Fig. 1(a) , moisture diffuses into a rectangular body, with a width of , a length of , and a height of , which represents one section of a continuous film. The top and bottom surfaces serve as electrodes and moisture diffusion into the film takes place through the top side. Assuming that the upper electrode is transparent to moisture, the transient moisture concentration distribution inside the film is derived by solving the one-dimensional diffusion equation (1) with the initial condition and the boundary condition , where is the moisture concentration, is the surface moisture concentration, and is the diffusion constant of moisture. The solution to this equation is formulated as [28] (2)
The dielectric constant changes linearly with moisture absorption so that it can be written as (3) where and are constants determined by the moisture sensing material [24] . The capacitance of the body is calculated using (2) and (3) Normalizing the capacitance with respect to the final steadystate capacitance value gives
The normalized capacitance is a function of so that the response time is proportional to the square of the film thickness and inversely proportional to the diffusion constant.
B. Capacitance for Diffusion into a Cylindrical Body
Similarly, the transient capacitance has been derived for moisture diffusion into a cylindrical body. In Fig. 1(b) , moisture is absorbed circumferentially into a cylindrical body with a radius of and a height of , where the top and bottom sides serve as the two electrodes. The transient moisture concentration distribution inside the cylinder is derived from the diffusion equation represented in cylindrical coordinates (6) with the initial condition and the boundary condition . The solution is given as (7) where Bessel function of the first kind of zero; Bessel function of the first kind of the first order; 's roots of [28] . The capacitance of the cylinder is calculated by integrating radially from the center to the boundary of the cylinder: (8) Equations (3) and (7) have been used in this derivation. Normalizing (8) with respect to the final capacitance value gives (9) where 's are roots of . The normalized capacitance is a function of from which it follows that the response time is proportional to the square of the radius and inversely proportional to the diffusion constant. Fig. 2 shows the analytically calculated response times for diffusion into a thin film and into a cylindrical body. Equations (5) and (9) have been used in these calculations. In this comparison, it is assumed that both structures are of the same material and that the thickness of the film, , is the same as the diameter of the cylinder. After an abrupt change in the ambient relative humidity level, it takes and s to reach the 90% point of the final steady state capacitance value for the conventional and the high-speed structure, respectively. Hence, an improvement in response time by approximately a factor of 10 is obtained with the high-speed structure.
C. Response Time Comparison

III. DEVICE STRUCTURE AND DESIGN
A. Humidity Sensor
As shown in Fig. 3 , the fabricated device consists of a highspeed humidity sensor and a polysilicon heater which are electrically isolated from each other by a thin dielectric layer. The humidity sensor consists of thousands of polyimide columns, all connected in parallel by the suspended upper electrode to form a capacitor. Each column has a diameter of a few microns. The columns are located on top of the lower electrode, which is covered with low-temperature oxide in order to eliminate the possibility of any conductive path between the upper and lower electrodes at high humidity or due to conductive particle trapping inside the air-gap. The metal lines of the upper electrode are supported by the polyimide columns, providing moisture free access to the sensing film. These lines are spaced a few microns apart and filter out particles larger in size than the line spacings.
A preimidized, photosensitive polyimide (ULTRADEL 7501-Amoco Chemicals) has been used as the moisture sensing material. A preimidized film has been chosen to reduce any stress build-up between the upper electrode and the polyimide induced during the curing cycle. This type of polyimide shrinks in thickness by only about 8% after curing, while polyimide precursors shrink by as much as 50%. Photosensitivity is necessary for forming the suspended top-electrode structure as will be described in the fabrication process sequence. ULTRADEL 7501 has a tensile modulus of 3.5 GPa, a thermal expansion coefficient at 200 C of 24 ppm/ C, and a moisture uptake at 100%RH of 3.4%.
The capacitance of the sensor includes contributions from both the polyimide and the air-gap. The polyimide capacitance is the one to be measured while the air-gap capacitance is a parasitic by-product of the electrical interconnections needed to access the capacitance of the polyimide columns. Although the air-gap contributes to the total sensor capacitance, it does not affect the sensitivity of the device since the dielectric constant of air changes by only 1.4 ppm/%RH while that of polyimide changes by 3330 ppm/%RH.
The speed of the sensor is primarily determined by the diameter of polyimide columns. Faster sensor response is obtained as the column radius is reduced. However, shrinkage of the column size beyond a certain limit can cause process difficulties including those related to accurate alignment, precise pattern definition, and good adhesion to the surface during polyimide development. The response time is not significantly influenced by the thickness of the polyimide film since diffusion takes place laterally. The absolute sensitivity of the sensor ( C/ RH), on the other hand, is determined by the thickness of the polyimide film and by its fill factor (the area that polyimide columns occupy per unit area). It becomes larger as the film thickness is reduced and as the polyimide fill factor is increased.
B. Integrated Polysilicon Heater
The device is mounted on a thermal insulator, which determines the thermal resistance of the heater. This resistance is an important factor in both the power efficiency and the thermal time constant of the device.
The chip mounted on a thermal insulator can be modeled by an equivalent thermal circuit using the lumped capacitance method. This method is often used for transient analysis of heat transfer when the temperature distribution inside a body can be assumed to be uniform [30] . Detailed thermal analysis shows that the thermal resistances of the thin dielectric layers at the surface of the chip and those of bond-wires can be neglected. The thermal resistance of the air and that of the thermal insulator are dominant.
The equivalent thermal circuit for the device consists of several thermal elements, all of which are connected in parallel. These elements are the lumped thermal resistances of the air ( ) and the thermal insulator ( ), the lumped thermal capacitance of the silicon substrate ( ) and the current source ( ).
is associated with heat conduction only while is mostly due to heat convection. represents the power supplied to the heater. By solving the differential equation for the equivalent thermal circuit, it follows that the amount of temperature rise ( ) in the silicon substrate due to the power dissipation is given as (10) where total thermal resistance; thermal conductivity of the thermal insulator; thickness of the thermal insulator; chip area; convection heat transfer coefficient of the air; thermal time constant; density of Si (2330 kg/m ); thickness of the chip (about 500 m); specific heat of Si (712 J/kg-K). This equation shows that both and have to be decreased in order to obtain a small thermal time constant. Note that the thermal time constant is independent of the chip size. The temperature change at the surface of the chip in steady state ( ) is given as (11) which indicates that has to be increased in order to obtain a larger increase in temperature for the same amount of power dissipation. Therefore, there is a trade-off in between the power efficiency and the thermal response time.
IV. DEVICE FABRICATION
The fabrication sequence is a 6 mask process. As shown in Fig. 4 , the fabrication starts with deposition of a 200 nm thick LPCVD Si N layer on a silicon substrate. An LPCVD polysilicon layer with a thickness of 600 nm is then deposited and doped. This layer is now patterned to form the integrated heater, and an LPCVD SiO layer with a thickness of 500 nm is deposited afterwards. Contact holes to the heater are opened using reactive ion etching, followed by the deposition and lift-off of a Ti/W/Ti (30 nm/300 nm/30 nm) layer to act as the lower electrode. During this process, electrical connections to the heater are made at the same time. A 0.5 m-thick low temperature oxide is now deposited over the wafer, and vias are opened in the pad regions using buffered hydrofluoric acid (BHF) in order to enable wire bonding. After applying the adhesion promoter, a photosensitive polyimide (ULTRADEL 7501) is spun onto the wafer at 4500 rpm for 60 s, resulting in a film thickness of 2 m. The polyimide columns are then defined lithographically followed by deposition of a Au layer with a thickness of 0.3 m. The Au layer is patterned by wet etching to form the upper electrode. Au has been chosen due to its robustness against moisture. The polyimide is now developed so that the unexposed regions are dissolved away (polyimides are of negative type) to leave the polyimide columns supporting the suspended upper electrode. Finally, the polyimide is cured in a nitrogen-purged oven at 300 C for 5 h. As shown in Fig. 5 , three different sensors (types A, B, and C) have been fabricated on a single chip. Table I summarizes some of their important geometrical parameters. Sensor types A, B, and C have polyimide column diameters of 5, 10, and 15 m and a total of 6138, 1900, and 891 columns, respectively. A serpentine polysilicon heater runs over the entire chip ( mm); a polysilicon temperature sensor is located next to each humidity sensor for monitoring the temperature of the chip. The heater lines are 100 m wide and 600 nm thick while the temperature sensors have a length of 3.9 mm and a width of 20 m. An SEM picture of the type-B device (on a boron-diffused heater) is shown in Fig. 6 [27] where the rectangular Au region serves as a bonding pad for the upper electrode. The overall size of the sensor is 1.3 mm 1.0 mm. Fig. 7 shows a close-up view of the upper metal strip lines supported by the polyimide columns.
V. TEST RESULTS
A. Humidity Sensor
In Fig. 8 , the measured outputs of the sensors (type A, B, and C) are shown as a function of relative humidity. Measurements have been taken at room temperature and at a measurement frequency of 1 MHz. The sensor outputs are linear with a sensitivity of 30.6, 25.8, and 31.3 fF/%RH for types A, B, and C, respectively.
In order to measure the response time of the humidity sensor, an experimental set-up to expose the sensor to an abrupt change in relative humidity has been constructed. It consists of a plastic container with a volume of 118 ml located inside a temperature-humidity chamber. About two thirds of the container is filled with a saturated solution of MgCl , which maintains the trapped air at 33%RH when the container is sealed gas-tight and left for a sufficient amount of time. Using saturated salt solutions to calibrate humidity sensors is an inexpensive and practical method often used in industry [31] . Inside the remaining portion of the container, a platform is placed, one end of which is attached with a hinge to the back wall of the container. A spring is attached between the wall and the platform to enable the platform to be flipped out of the container when its cap is opened. A humidity sensor is mounted at the other end of the platform.
After sealing the cap of the container with silicone rubber and waiting at least for 6 h the chamber is set to 90%RH. When the chamber settles to this level, the cap is opened by pulling a wire attached to it. The spring action causes the sensor to be transferred out of the container, resulting in an abrupt change from 33 to 90%RH. The container is positioned such that the sensor faces into the air flow generated by a fan at the back of the chamber. The fan forces air at 90%RH onto the sensor.
Using this set-up, the response times of the fabricated devices have been measured and are shown in Fig. 9 . A significant improvement in speed has been obtained with these devices compared with previously reported structures: the response times for types A, B, and C sensors are 1.0, 1.9, and 6.9 s, respectively. The response time is measured to the 90%-point of the final steady-state capacitance value, after an abrupt change in the ambient relative humidity level. According to the theory discussed in Section II, the type B and type C devices should be faster than type A device by factors of 4 and 9, respectively. However, the corresponding factors from measurements are 2 and 7 for types B and C, respectively. This discrepancy is believed to be due to the finite response time of the measurement set-up and the assumptions made in the theory, including the assumption of concentration independent moisture diffusion. Fig. 10 shows calibration results on the polysilicon temperature sensors with respect to the ambient temperature, where , and correspond to temperature sensors located next to each of the three humidity sensors. Each temperature sensor has a temperature coefficient of 1175 ppm/ C. Fig. 11 shows the resistance change of the temperature sensors at room ambient, as a function of power supplied to the heater. The resistance of changes by about 100 when 18 V (37 mW) is applied to the heater. From Fig. 10 , this corresponds to an increase in chip temperature of about 30 C. The measured resistance of the polysilicon heater is 8.8 k at room temperature.
B. Integrated Polysilicon Heater
The sensor response to a voltage pulse applied to the heater has been measured at room ambient. For a pulse of 15.6 V (28 mW), the sensor capacitance decreases by about 400 fF. The temperature sensor indicates a temperature rise on the chip of about 22 C due to this excitation. As the heater is turned off, the sensor capacitance returns to its original value. The decrease in capacitance with heating is primarily due to baking out moisture in the film rather than to any thermal expansion. The heater shows a thermal time constant of about 60 s. A faster thermal response could be obtained by mounting the device on a material with a higher thermal conductivity. This, however, would decrease the power efficiency of the device. In order to compensate for the power loss, the size of the chip would have to be scaled down, accordingly. A bulk silicon chip (2.0 mm 1.9 mm), mounted with the air-impregnated die attachment method, has been reported to have a thermal response time of 30ms [32] .
VI. ELIMINATION OF PARASITIC AIR-GAP CAPACITANCE
Stability is another important parameter for a humidity sensor. In the high-speed structure, however, a parasitic air-gap capacitance exists around the sensing columns, which can cause the sensor output to drift over time as contaminants build up within or near the gap in environments containing high particulate levels. Two different device structures, achieving the same fast response but reducing or completely eliminating the air-gap capacitance, have been developed [33] . The basic high-speed structure has been maintained here so that the speed is not sacrificed for stability.
In the first approach, the air-gap capacitance of the sensor is decreased by reducing the overlap area between the upper and lower electrodes by making them run orthogonal to each other. A polyimide column is present at each cross-point. A close up view of this structure is shown in Fig. 12 . Analytical analysis shows that 90% of the air-gap capacitance originates within 2 m of the periphery of each sensing column [34] . As a result, the sensor would drift only when contamination takes place very close to the columns. Measurement results show that the total capacitance of the sensor decreases from approximately 14 to 8 pF due to the reduction in air-gap capacitance, while the sensitivity increases from 2140 to 3750 ppm/%RH. However, some capacitive coupling between the electrodes through the air still exists so that the air-gap capacitance, while considerably reduced, is not completely eliminated. Fig. 13 shows a second approach to eliminating the air-gap capacitance. The basic structure is the same as in the original device with the difference that the upper electrode running over polyimide columns is now replaced by a multilayered bar consisting of two metal and two SiO layers. The top metal layer is the upper electrode, while the lower one is a guard electrode. The guard electrode is patterned such that it does not cover the tops of the sensing columns. The upper electrode is covered with SiO for protection. This structure separates the capacitance of the air-gap from that of polyimide [35] , [36] . In this device, the lower electrode lines run parallel (not orthogonal) to the upper electrodes.
The upper and guard electrodes are maintained at the same potential in order to create a homogeneous electric field between the lower electrode and the upper-guard electrode. The capacitance of polyimide is selectively extracted by applying an ac voltage to the terminals of the sensor and measuring the current flowing through the upper electrode. As a result, the air-gap capacitance is excluded so that the sensor capacitance does not drift even if particles become trapped inside or near the air-gap. Simulation results (MEDICI) show that the sensor output drifts by only 1% as the relative dielectric constant in the air region changes from 1 to 10, representing a very high degree of contamination in the air-gap region. In this simulation, an AC voltage with an amplitude of 500 mV and a frequency of 1 MHz was used. Fig. 14 shows a closeup view of the multilayered electrode structure, which has been formed by a self-aligned process. After depositing Cr over the photosensitive polyimide layer and patterning arrays of small circles in it, sensing columns are defined within the film by exposing the whole wafer to UV light. The patterned Cr layer is used here as a mask; it later forms the guard electrode. Now, after evaporating an insulating layer of SiO , a Cr layer is deposited and patterned by wet etching to form the upper electrode. Then a second SiO layer is deposited for protection and vias for the upper and guard electrode are opened. Finally, the SiO and the Cr layers are patterned successively by wet etching to form the guard electrode followed by development of polyimide.
VII. MEASUREMENT OF HIGH RELATIVE HUMIDITY USING THE HEATER
Using the heater, high relative humidity ( %RH) can be measured without the sensor having to be exposed to it [37] . This is done by heating up the sensing film, thereby reducing the relative humidity that the sensor sees to a lower level, and monitoring both the chip temperature (using on chip temperature sensors) and the capacitance of the humidity sensor. The 
RELATIVE HUMIDITY MEASUREMENT ERROR: 62%RH
actual relative humidity is then derived from the measured temperature before heating ( ) and from the relative humidity and temperature after heating ( ), using the following relationship RH RH (12) where is the saturated water vapor pressure. Tests have been performed by putting a fabricated device into an environmental chamber and measuring the temperature and capacitance of the sensor before and after heating. Some of the test results using the same device in three different trials are summarized in Table II. In this table, is the temperature before heating, is the temperature after heating, is the power supplied to the heater, is the reduction in capacitance after heating, RH is the relative humidity after heating and RH is the derived relative humidity. A power of 37 mW was supplied to the heater, and the chip temperature was monitored along with the sensor capacitance. The corresponding relative humidity has been determined from the calibration results. The actual relative humidity has then been derived from (12) . The derived relative humidity has an accuracy of %RH with an estimated measurement error in temperature of 0.5 C and an error in relative humidity of %RH.
VIII. CONCLUSIONS
A high-speed capacitive humidity sensor has been designed, fabricated and tested. A response time of 1.0 s has been obtained with polyimide column diameters of 5 m. A subsecond response time is expected if the diameter of the polyimide columns is further reduced. Two other structures achieving the same fast response but eliminating the parasitic air-gap capacitance have been developed. Simulation results show that the sensor output drifts only by 1% as the dielectric constant in the air region changes from 1 to 10. An integrated heater has been used to decrease the relative humidity that the sensor sees to a lower level when measuring high relative humidity. An accuracy of %RH has been obtained using this method with a measurement error in temperature of 0.5 C and an error in relative humidity of %RH. The principle of high-speed sensing could be applied to other areas, including gas sensing using thin-films.
